Introduction
Photoluminescent semiconductor nanocrystals or quantum dots (QDs) were of great fundamental scientific interest and industrial applications due to their size-dependent photoluminescent properties. [1] [2] [3] [4] [5] QDs have the property that upon radiation energy can be absorbed (at any wavelength greater than the energy of their lowest energy transition) and converted into narrow bandwidth emission close to the band edge. 6 Compared with organic fluorescent dyes, the QDs exhibited some important advantages, including large fluorescence quantum yields, narrow and Gaussian emission spectra (full height wide maximum of 30 nm), tunable maximum wavelength of emission by controlling the QD size (varying the size from 1 to 7 nm allows most visible colors to be generated) and less susceptibility to photobleaching. 7, 8 Until now, QDs were valuable for many applications ranging from single-electron transistors to biomarkers. 9 Surface-modified QDs may change their optical, chemical and photocatalytic properties and can give rise to such effects as an enhancement of their excitonic and defect emission, an improvement of the photostability of semiconductor nanoparticles, the generation of new traps on the surface of the QD, leading to the appearance of new emission bands, an enhancements of the selectivity and efficiency of light-induced reactions occurring on the surface of semiconductor nanoparticles, etc. 10 For routine preparation, the CdSe core was usually capped with an organic layer, such as a trioctylphosphine/trioctylphosphine oxide mixture (TOP/TOPO). This layer is coordinated to Cd sites and stabilizes QDs' surface, while preventing an irreversible flocculation of the nanocrystals. 11 Unfortunately, these protective ligands were hydrophobic, and thus nanocrystals capped with those coatings were not compatible with analytically useful aqueous assay conditions. Consequently, the QDs surface should be further modified by appropriate hydrophilic functional groups to allow their dispersion in aqueous solutions while maintaining their high photoluminescence quantum yield. 12 In this way, the tailoring of nanoparticles for different purposes could be achieved.
Notwithstanding the great potential of luminescent QDs in chemical analysis, their analytical applications in aqueous media were still scarce, although this was rapidly changing as several papers have very recently appeared in this field. For example, the use of modified CdSe QDs for the sensitive determination of cyanide ions has been proposed. 13 Also, water-soluble CdS QDs whose luminescences were quenched by copper and zinc 14 or copper and silver 15 have been investigated. CdSe/ZnS core/shell QDs modified with bovine serum albumin were also investigated for the determination of copper, 16 while CdSe QDs modified with mercaptoacetic acid and bovine serum albumin were assayed for the analysis of silver.
Quantum dots (QDs) have become one of the most attractive fields of current research because of their unique optical properties. Novel copper-sensitive fluorescent fluoroionophores based on CdSe/CdS core/shell QDs modified with a polymer of MAO-mPEG were synthesized and characterized in the present work. A pH of 6.47 was optimally selected for measurements. By modifying QDs with MAO-mPEG, significant aqueous fluorescence quenching was observed upon binding with copper ions involving both reduced and oxidized environments, indicating great sensitivity and specificity for copper-ion sensing. nanocrystals modified with mercaptopropionic acid were proposed for the determination of Cu(II) ions. 18 A lack of selectivity and low stability of the QDs in the aqueous media were among the problems reported for some of the procedures proposed.
In the present work, the selective determination of Cu(II) in aqueous solutions based on CdSe/CdS core/shell QDs modified either with oleic acid or MAO-mPEG was thoroughly investigated, showing its promising application commenting the luminescent spectrometric analysis of metal ions.
Experimental

Reagents
The following polymer materials were used: poly(maleic anhydride-alt-1-octadecene) (MAO, Mn = 30000 -50000, Mw = 350.5, Aldrich, St. Louis, MO); poly(ethylene glycol) methyl ethers (mPEG-OH, Mw = 750, Aldrich, USA). Other chemicals were of analytical reagent grade, which were purchased from a local chemicals company. All used solvents were distilled prior to use.
Prepare of water-soluble CdSe/CdS core/shell QDs
CdSe QDs were synthesized using CdO as a precursor according to a procedure described by Peng's group; 3, 19 the CdSe/CdS core/shell QDs were prepared in trioctylphosphine oxide (TOPO) as a solvent.
For the synthesis of MAO-mPEG, MAO (4.002 g, 0.10 mmol) reacted with mPEG-OH (6.043 g, 8.02 mmol) to make MAO-mPEG amphiphilic polymers, under acid catalysis (e.g., two drops of concentrated H2SO4) in chloroform (10 mL) and reflux at 70 C for 12 h. The solution was neutralized by 1 mol/L NaOH, to which distilled water (30 mL) was added, extracted by chloroform (15 mL), and dried; a yellow solid (yield was 85%) was obtained.
For the synthesis of QDs-MAO-mPEG in Fig. 1 , CdSe/CdS core/shell QDs (0.1 mL, ∼0.5 nmol), oleamine (0.08 mL, 0.24 mmol) and 1 mL acetone (already dry processing) were added in a plastic tube, then centrifuged and dissolved with a 1-mL THF solution of MAO-mPEG (30 mg, 27 nmol). After the solvent was evaporated, the residue was dissolved with a NaOH solution (pH 9). The nanocrystals dissolved completely, and the solution was filtered to remove away excess unbound polymer. The buffer was exchanged with water by two rounds of dilution and reconcentration through a centrifuge filter. Any residual unbound polymer was removed by two consecutive purification steps on a size-exclusion column. After purification, the nanocrystal solutions were optically clear.
Results and Discussion
Self-assembled giant MAO vesicles
Self-reproductive micelles and vesicles have been the focus of intensive investigations for several decades because the motivation for this work originated in a definition of the minimal conditions necessary for a system. Fatty acid vesicles are colloidal suspensions of closed lipid bilayers that are composed of fatty acids and their ionized species (soap). Compared with diacylglycerophospholipid vesicles (conventional liposomes), one important feature of fatty acid vesicles is that dynamic nature owing to the fact that they are composed of single chain amphiphiles. The concentration of non-associated monomers in equilibrium with vesicles is considerably higher than in the case of double-chain phospholipids. In addition, a range of fatty acid self-assembled nanostructures are formed just by changing the total concentration and the protonation/ionization ratio of the terminal carboxylic acid. Further exploration on fatty acid vesicles as protocell models or fatty acid-based vesicles as drug delivery or food additive systems is still necessary.
As similar molecules to oleic acid in a polymer, the hydrolyzed derivative of MAO could be regarded as being polymerized oleic acid. The only main difference is that each MAO unit contains two hydrocarboxy groups, while having oleic acid with only one hydrocarboxy group. As described above, the vesicles assembled from fatty acids and their ionized species (soap) are much more flexible than conventional liposomes. However, MAO self-assembled vesicles would be more stable than oleic acid and liposomes because MAO unit contains many chains, while there are one (oleic acid) or two chains (liposomes) with each building block. Therefore, it is possible to observe a self-assembly of MAO under different solution conditions. The particles were characterized by transmission electron microscopy (TEM, JEOL-JEM 2010, JEOL Co. Ltd., Japan), which was operated at 200 kV. The solutions were stable for months (i.e., no precipitation occurred and the bands during gel electrophoresis kept their narrow shape). As shown in TEM images (Figs. 2a and 2b) , the diameters of the QD particles after surface modification increased from 1.6 ± 0.7 nm to 3.7 ± 1.1 nm and the QDs were monodisperse and uniform. Therefore, the observed increase in particle size by TEM images can be attributed to a polymer-layer coated on the surface of QDs.
Investigation on interference
The interference from other ions in aqueous solution is a very important factor to be considered for a fluoroionophore in real sample measurements. The fluorescent detection of Cu 2+ in potassium dihydrogen phosphate and disodium phosphate (v:v = 1:1) buffer solution was generally influenced, more or less, by interference from some metal ions. The effect of the pH on the fluorescence of QDs-MAO-mPEG was first determined by fluorescence titration in the buffer solution, which is shown in Fig. 3 . It can be seen that the fluorescence of QDs-MAO-mPEG at 595 nm remains affected at between pH 12.40 and 4.92, and the optimal pH of 6.47 can be selected for further fluorescence studies.
The competence of QDs-MAO-mPEG in detecting various metal ions has been investigated in detail. Figure 4 illustrates the spectroscopic response of the QDs-MAO-mPEG sensor following the addition of a variety of miscellaneous metal ions ( Fig. 5a shows the relative fluorescence intensity of QDs-MAO-mPEG (1.0 μM) at 400 nm excitation with the titrations of Pb 2+ , Mn 2+ , Zn 2+ , Sn 2+ , Cd 2+ , Mg 2+ , Ag + , Hg 2+ , Cu + , and Cu 2+ at different concentrations (pH 6.47). It can be seen that the QDs-MAO-mPEG show better selectivity when the metal-ion concentraion is lower than 1.0 μM, which possesses great sub-micromolar scale sensitivity. Also, a comparison experiment was carried out with QDs-MAO-mPEG in the presence of metal ions other than copper ions. Figure 5b shows the relative fluorescence intensity of QDs-MAO-mPEG (1.0 μM) in the presence of various metal ions alone (1.0 μM) and interfering ions with Cu 2+ (1.0 μM), respectively. It can be seen that the addition of Cu 2+ (1.0 μM) to a QDs-MAO-mPEG solution containing any one of the above-mentioned metal ions (1.0 μM) results in a similar amount of quenching of 80 -95% on the fluorescence intensity. Thus, the presence of these metal ions with Cu 2+ has no significant interfering effect on the sensitivity of QDs-MAO-mPEG for Cu 2+ detection.
Sensitivity of QDs-MAO-mPEG
The sensitivity of QDs-MAO-mPEG for Cu 2+ detection on fluorescence quenching has been investigated in detail. The maximum excitation and emission wavelengths were obtained at 400 and 595 nm from the fluorescence spectra of QDs-MAO-mPEG, respectively. Figure 6a shows fluorescence emission spectra of QDs-MAO-mPEG (1.0 μM) in the presence of an increasing concentration of Cu 2+ . The fluorescence intensity of 34% was quenched when 0.1 μM of Cu 2+ was added (Fig. 6a inset) . Figure 6b shows the relative fluorescence intensity of QDs-MAO-mPEG with increasing Cu 2+ concentration. It can be seen that the emission intensity of QDs-MAO-mPEG decreases abruptly with increasing Cu 2+ concentration, and finally reachs a plateau at about 1.5 μM, which indicates a hyperbolic curve. The experimental curve of fluorescence quenching was obtained by a reciprocal treatment (Fig. 6b inset) . Fluorescence quenching can be described by the Stern-Volmer equation,
where F0 ] + 1. The linear range of QDs-MAO-mPEG for Cu 2+ detection was then found to be 0.01 -0.50 μM with a correlation coefficient of R2 = 0.99872. The Stern-Volmer quenching constant was estimated to be 4.443 × 10 6 M -1 . The detection limit of the QDs-MAO-mPEG for Cu 2+ detection was found to be 16 nM from 9 blank solutions according to the IUPAC definition (CDL = 3Sb/m). 21 Thus, the formation constant of QDs-MAO-mPEG with Cu 2+ could be calculated as 2.88 × 10 6 M -1 according to a method reported elsewhere. 22 Compared with the reported QDs analytical systems, [13] [14] [15] [16] [17] [18] the difference is that our presented QDs is based on the CdSe/CdS core/shell and the QDs surface is modified by an amphiphilic polymer of MAO-mPEG. Until now, there were not very clear mechanisms for the interpretation of fluorescent quenching of QDs with heavy metal ions. 23 Several quenching mechanisms including inner filter effects, nonradiative recombination pathways, electron-transfer processes, and ion binding interactions have been proposed to explain how metal ions quench the fluorescence of QDs. 24, 25 A possible mechanism of our detected system could be understood from the fitted Stern-Volmer relationship, which describes the concentration of the Cu(II) ion dependence on the luminescence intensity of QDs-MAO-mPEG. As seen from an inert plot of Fig. 6b , a very good linearity of F0/F vs. [Cu 2+ ] is observed, which is in consistent agreement with the Stern-Volmer Eq. (1). Because the QDs surface was modified by the amphiphilic polymer of MAO-mPEG with hydrophilic hydrocarboxy groups, it could allow for nanocrystals well dispersed in aqueous solution while maintaining their high photoluminescence quantum yield. Compared with other metal ions, the copper ion could easily go through the mobile pathway/cavity of the polymer of MAO-mPEG on the surface of QDs by its appropriate radium size, and reached the surface to form CuxS (x = 1, 2) by substituting some Cd atoms of CdS, thus resulting in the generation of new traps on the surface of the QDs, which led to the fluorescent quenching of QDs. It is has been proved that the copper ions can be highly selective and sensitive probed by using the luminescent QDs-MAO-mPEG based on the CdSe/CdS core/shell in chemical sensing analysis.
In addition, a typical liquid-phase quenching assay of the QDs-MAO-mPEG chemsensor with various concentration divalent copper ions is shown in Fig. 7 . It can be seen that the fluorescence of QDs-MAO-mPEG become faint, and even disappeared in naked eyes with increasing [Cu 2+ ] above 1.0 μM. Compared with the quenching phenomenon of copper ions, no such remarkable effects from other metal ions at the nM scale on the fluorescence of QDs-MAO-mPEG have been observed, indicating that the QDs-MAO-mPEG sensor possesses excellent selectivity and sensitivity to copper ions at a μM scale. It is thus concluded that the various binding affinity between QDs-MAO-mPEG and metal ions will help differentiate the binding of the ligand with its target copper ion from other metal ions, which will also provide a guideline for designing ion sensors in the future.
Conclusion
In the present work, a novel copper-sensitive fluorescent fluoroionophores was synthesized by modifying CdSe/CdS core/shell QDs with MAO-mPEG, in which significant fluorescence quenching was observed upon binding with copper ions, indicating a high sensitivity and specificity of this chemosensor for copper ions. The presence of other metal ions had no significant interfering effects on the selectivity and sensitivity of Cu 2+ and Cu + . It shows a potential application for multiplex sensing of different analytes through distinct ligand conjugation and functionalization of individual polymers combining with nano-materials, which provide useful information for design of fluoroionophores in the future. Fluorescence excitation was provided with a handheld low-wattage mineral lamp while set on "long wavelength" (365 nm). The image was acquired after 2 min of incubation.
